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ing a G—protein coupled receptor; and second nucleic acid 
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ing a reporter protein. The G—protein coupled receptor can 
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NORMALIZED EXPRESSION VALUES 

PGK-STEZ + GPA2/GPA1 coupling experiment: 

US 6,280,934 B1 

STE2 GPA2/GPA1 ACT1 

3 hour treatment with 4748 35 4673 

alpha factor 4748 40 4720 

6 hour treatment with 3419 86 3422 

alpha factor 3419 96 3423 

PGK-STE2-GPA2 fusion experiment: 

STE2-GPA2 (*) ST E2-GPA2 ACT1 
(*) 

+ alpha factor 5916 10920 2968 

5493 11014 2989 

- alpha factor 2924 18459 2226 

2902 18308 2513 

* underline denotes 

hybridization for speci?c 
portion of the fusion 

FIGURE 3 
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Clone A B C D E F G H I 

YMR323W 0.0281 3.2290 0.1327 0.1538 0.0310 0.0411 0.1461 4.7199 0.9080 
YMR323W 0.0341 3.2208 0.1493 0.1804 0.0450 0.0463 0.1971 4.3764 0.7574 
YBL100C 0.0494 1.000 0.0297 0.0970 0.0084 0.0297 0.0051 0.6006 5.8498 
YBL100C 0.0895 1.7337 0.0506 0.1607 0.0160 0.0292 0.0091 0.5654 5.5762 
YDR187C 0.0547 0.8800 0.1443 0.1324 0.0295 0.1640 0.0778 2.6368 1.8550 
YDR187C 0.0603 0.7159 0.1472 0.1320 0.0327 0.2056 0.0798 2.4407 1.8452 
YEL045C 0.0631 1.2552 0.3193 0.2550 0.0259 0.2544 0.1310 5.0636 2.4370 
YEL045C 0.0980 1.3303 0.3080 0.1801 0.0434 0.2315 0.1363 3.1418 2.2593 
YBL096C 0.0616 1.3051 0.2273 0.3903 0.0730 0.1741 0.2692 3.6900 0.8441 
YBL096C 0.0645 0.9061 0.2251 0.2755 0.0549 0.2484 0.1915 3.4889 1.1755 
YNL028W 0.0673 2.4977 0.1682 0.0819 0.2440 0.0673 0.6094 2.4977 0.2761 
YNLOZSW 0.0744 1.8099 0.1346 0.0805 0.1653 0.0744 0.2992 1.8099 0.4498 
YFR056C 0.0819 0.8314 0.2294 0.1231 0.1017 0.2759 0.2849 2.8017 0.8052 
YFR056C 0.0834 0.9438 0.3018 0.2775 0.0754 0.3198 0.2727 3.6170 1.1068 
YFR034C 
(PHO4) 0.0850 0.8223 0.1759 0.2612 0.1135 0.2139 0.2350 2.0701 0.7483 
YFR034C 
(PHO4) 0.1023 0.7858 0.1458 0.2516 0.1265 0.1855 0.1803 1.4254 0.8089 

YCL046W 0.1111 2.9164 0.3240 0.1294 0.0510 0.1111 0.1488 2.9164 2.1767 
YCL046W 0.2291 2.2406 0.3354 0.2416 0.0850 0.1497 0.1244 1.4637 2.6966 
YCLX09W 0.1508 1.6245 0.3924 0.1664 0.0436 0.2416 0.1135 2.6019 3.4559 
YCLX09W 0.4284 0.5885 0.3424 0.3808 0.1048 0.5818 0.0837 0.7993 4.0888 
YPL281C 0.1957 1.0501 0.4327 0.1607 0.1207 0.4120 0.2669 2.2114 1.6211 
YPL281C 0.2130 0.9735 0.3813 0.1350 0.1422 0.3917 0.2546 1.7905 1.4974 
YJL045W 0.2298 1.2109 0.1637 0.3494 0.1760 0.1352 0.1254 0.7125 1.3055 
YJL045W 0.2612 0.9373 0.1212 0.3880 0.2136 0.1293 0.0991 0.4640 1.2226 
YGL046W 0.2495 0.5298 0.2095 0.1307 0.1923 0.3955 0.1615 0.8398 1.2976 
YGL046W 0.2580 0.6407 0.2301 0.1675 0.1710 0.3592 0.1525 0.8918 1.5090 
YCL040W 
(GLKl) 0.2562 1.0091 0.1946 0.3210 0.2658 0.1928 0.2019 0.7596 0.9636 
YCL040W 9 

(GLKl) 0.2780 0.8214 0.1813 0.3368 0.3184 0.2207 0.2076 0.6521 0.8732 
YMLOSSC-A 0.1143 0.9900 0.2614 0.1609 0.1000 0.2641 0.2286 2.2866 1.1437 
YMLOSSC-A 0.2583 1.4008 0.3751 0.2228 0.2242 0.2678 0.3256 1.4521 1.1520 
YJR114W 0.2763 1.0503 0.2835 0.3106 0.3325 0.2699 0.3412 1.0262 0.8309 
YJR114W 0.2827 0.8228 0.2560 0.3530 0.3104 0.3111 0.2810 0.9053 0.9109 
YOR135C 
(IDHZ) 0.3016 1.1667 0.3510 0.3321 0.3417 0.3008 0.3976 1.1638 0.8826 

YOR135C 
(IDHZ) 0.3717 1.2960 0.3779 0.4975 0.3795 0.2916 0.3858 1.0167 0.9794 

YML035C-A 0.1970 1.0000 0.1673 0.4604 0.1883 0.1673 0.1599 0.8492 1.0466 
YML035C-A 0.3635 1.0000 0.2747 0.3951 0.2183 0.2747 0.1649 0.7556 1.6652 
YFL014W 
(HSPIZ) 0.5092 0.3496 0.0418 3.0850 0.4622 0.1196 0.0380 0.0821 1.1016 

FIGURE 4A 
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Clone A B C D E F G H I 

YBR072W 
(HSP26) 0.5840 0.3008 0.0346 1.8588 0.3680 0.1149 0.0218 0.0592 1.5870 
YBR072W 
(HSP26) 0.6414 0.2626 0.0366 1.7013 0.4838 0.1393 0.0276 0.0570 1.3258 

YNL134C 0.6965 0.6071 0.3132 0.8143 0.8414 0.5159 0.3783 0.4497 0.8279 

YNL134C 0.5230 0.5493 0.3586 0.9623 0.4883 0.6529 0.3348 0.6857 1.0710 

YML128C 0.6526 0.6221 0.1051 0.8975 0.7583 0.1689 0.1221 0.1610 0.8606 

YML128C 0.6382 0.6166 0.0909 0.6952 0.8724 0.1475 0.1243 0.1425 0.7315 

FIGURE 43 
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Experiment 1 
Clone activated/A activated/A activated/A activated/A low nitrogen 

(low nitrogen) (low nitrogen) (rich media) (rich media) rich media 
YFL014W 
@SPlZ) 0.0652 0.3150 0.2188 0.3011 14.0437 

YFLO 14W 
(HSP12) 0.0443 0.2224 0.2088 0.3946 20.0044 

YBR072W 
(HSP26) 0.0344 0.3161 1.0000 1.0000 7.0346 

YBR072W 
(HSP26) 0.0336 0.2906 1.0000 1.0000 7.7029 
YNL134C 0.3373 0.2238 0.4665 0.5052 6.0718 

YNL134C 0.3351 0.2592 0.4379 0.4794 5.9897 

YML128C 0.1532 0.2822 0.4432 0.7811 16.6043 

YML128C 0.1538 0.3098 0.4946 0.6999 15.0432 

Experiment 2 
Clone activated/A activated/A activated/A activated/A 

YFL014W 0.1114 0.1589 . 0.1323 0.1887 

YBR072W 
(HSP26) 0.1540 0.1926 0.1807 0.2260 
YNL134C f 0.8018 0.3309 0.9233 0.3810 

YML128C 9 0.7952 0.3667 0.8818 0.4067 

Experiment 3 
Clone activated/A activated/A 

YFL014W 
(HSP12) 0.3605 0.9309 
YBR072W 
(HSP26) 0.1230 0.1478 
YNL134C 0.5190 0.2137 

YML128C 0.4371 0.2802 

Experiment 4 
Clone activated/A 

YFL014W 
(HSP12) 0.0418 
YFL014W 
(HSP12) 0.0495 
YBR072W 
(HSP26) 0.0346 
YBR072W 
(HSP26) 0.0366 
YNL134C 0.3132 

YNL134C 0.3586 

YML128C 0.1051 

YML128C 0.0909 

FIGURE 5 
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CLONE Number of STRE(s) 
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ASSAY FOR AGENTS WHICH ALTER G 
PROTEIN COUPLED RECEPTOR ACTIVITY 

BACKGROUND OF THE INVENTION 

Communication between cells is essential to the mainte 
nance of homeostasis of an organism. Extracellular signal 
ing molecules, such as hormones and neurotransmitters, 
mediate cell-cell communication by acting through speci?c 
receptors located on the plasma membrane and in the 
cytoplasm of target cells. 

G-protein coupled receptors are a class of seven 
transmembrane domain polypeptides Which transduce an 
extracellular signal into a cellular response. FolloWing bind 
ing of a ligand to a G-protein coupled cell surface receptor, 
the G-protein coupled receptor activates an intracellular 
guanine nucleotide-binding protein, a G-protein, Which 
mediates a cellular response to the extracellular signaling 
molecule (FIG. 1). 

G-proteins are heterotrimeric polypeptides composed of 
0t, [3- and y-subunits. Upon binding of ligand, the G-protein 
coupled receptor activates the G-protein by promoting the 
exchange of bound GDP for GTP in the ot-subunit and 
dissociation of the activated ot-subunit from [3y-subunits 
(LeWin, B., “Signal Transduction”, Genes VI, Oxford Uni 
versity Press, NeW York, pp. 1053—1087 (1997)). The GTP 
bound Gotsubunit and the liberated oty dimeric subunit alter 
the activity of effectors in the target cell, for example, by 
altering the activity of adenylate cyclase and hence the 
levels of the second messenger cAMP, thereby altering the 
transcriptional activity of cAMP dependent genes. 

G-proteins and G-protein-mediated cell signaling systems 
are highly conserved among eukaryotes from such diverse 
species as mammals, including humans, to yeast. (See, for 
example, Stryer, L. et al.,Ann. Rev. Cell Biol. 2:391 (1986) 
and LeWin, B., “Signal Transduction”, Genes VI, Oxford 
University Press, NeW York, pp. 1053—1087 (1997)). Thus, 
due to the ease of experimental manipulation, it has been 
recogniZed that yeast can serve as a useful model for 
studying and evaluating G-protein coupled receptors and 
their ligands, as Well as agents Which act as antagonists and 
agonists of ligand activity in eukaryotic cells, including 
mammalian cells. 

In the Widely used yeast strain, Saccharomyces cerevisiae, 
tWo distinct G-protein a-subunit proteins, Gpa1 and Gpa2, 
have been described (Miyajima, I., et al., Cell, 
50:1011—1019 (1987); Nakafuku, M., et al., Proc. Natl. 
Acad. Sci. USA. 85:1374—1378 (1988); Kiibler, E., et al.,]. 
Biol. Chem. 272:20321—20323 (1997)). Gpa1, also knoWn 
as Scg1, is an ot-subunit of the heterotrimeric G-protein, 
Which regulates a mitogen-activated protein kinase pathWay 
that is required for the yeast response to mating pheromone. 
Gpa2 is the ot-subunit of a G-protein Which is involved in 
pseudohyphal groWth, and this G-protein functions by 
stimulating the yeast cAMP-response. The only knoWn [3 
and y-subunits in yeast are Ste4 and Stel8, respectively 
(WhiteWay, M., et al., Cell 56:467—477 (1989)). 

To date, there have been reports of the use of Gpa1, the 
ot-subunit of a G-protein required to inhibit the pheromone 
response, With yeast and mammalian G-protein cell surface 
receptors, a process Which results in Gpa1 activation upon 
ligand stimulation. For example, Gpa1 has been functionally 
linked to the rat Aza adenosine or human [32-adrenergic 
G-protein coupled receptor, resulting in adenosine agonist 
dependent groWth elicited by activation of the yeast 
pheromone-responsive pathWay (Price, L. A., et al., Molec. 
Pharmacol. 50:829—837 (1996); Pausch, M. H., et al., US. 
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2 
Pat. No. 5,691,188 (1997)). Gpa1 has also been used With 
the rat somatostatin G-protein coupled receptor, resulting in 
groWth-promoting signaling through pheromone-responsive 
pathWays (Price, L. A., et al., Molec. Cell Biol. 
15:6188—6195 (1995); Pausch, M. H., et al., US. Pat. No. 
5,691,188 (1997)). Chimeric Gpa1-mammalian Got subunit 
proteins (Kang, Y.-S., et al., Molec. Cell Biol. 10:2582—2590 
(1990); Price, L. A., et al., Molec. Cell Biol. 15:6188—6195 
(1995); Medici, R., et al., EMBO J. 16:7241—7249 (1997)) 
and chimeric mammalian-yeast cell surface receptors 
(Pausch, M. H., et al., US. Pat. No. 5,691,188 (1997)) Which 
bind ligands, have also been described. Mammalian 
G-protein coupled receptors have been functionally linked to 
mammalian Got subunits through pheromone dependent 
pathWays in yeast host cells lacking the endogenous GPA1 
gene (King, K., et al., US. Pat. No. 5,482,835 (1996)). 

These approaches require several genetic modi?cations of 
a typical laboratory yeast strain in order to effectively 
monitor the effects of extracellular signaling molecules, 
such as additional mutations in the FAR1 or SST2 genes. 
The existing technologies necessitate activation of the signal 
transduction pathWay attributed to the ot-subunit of the yeast 
G-protein, Gpa1, and are limited to evaluation based on 
pheromone-responsive mating criteria. Moreover, previous 
Work has been limited to G-protein coupled receptors and 
Got proteins Which are normal cognate pairs (e.g., cell 
surface receptors and G-proteins Which are able to associate 
and mediate effector pathWays by G-protein activation). 
Additionally, these approaches often require deletion of the 
endogenous yeast Got protein. 

Thus, there is a continued need to develop neW and 
improved methods for assessing agents Which have agonistic 
and antagonistic effects on speci?c G-protein coupled recep 
tors. 

SUMMARY OF INVENTION 

Work described herein shoWs that yeast cells transformed 
With a nucleic acid construct comprising a promoter oper 
ably linked to a ?rst heterologous nucleic acid sequence 
encoding a G-protein coupled receptor Which is operably 
linked to a second nucleic acid sequence encoding a Got 
protein Which is not a cognate protein of the mammalian 
G-protein coupled receptor, can be used to assess G-protein 
mediated signal transduction pathWays. Expression of the 
?rst and second nucleic acid sequences produces a fusion 
protein in Which the Got protein is linked to the mammalian 
G-protein coupled receptor. Binding of a ligand to the 
mammalian G-protein coupled receptor activates the Got 
protein, Which in turn mediates a cellular response to the 
extracellular signal, such as regulation of speci?c effectors 
including adenylate cyclase and cyclic adenosine mono 
phosphate (cAMP). In a particular embodiment the Got 
protein is a yeast Got protein, and in a particularly preferred 
embodiment the yeast Got protein is Gpa2. 

Thus, the invention relates to a transformed yeast cell 
comprising a nucleic acid construct comprising a promoter 
operably linked to a ?rst heterologous nucleic acid sequence 
Which is operably linked to a second nucleic acid sequence, 
Wherein said ?rst heterologous nucleic acid sequence 
encodes a mammalian G-protein coupled receptor, and 
Wherein said second nucleic acid sequence encodes a Got 
protein Which is not a cognate protein of said G-protein 
coupled receptor, such that expression of the ?rst and second 
DNA sequences produces a fusion protein Wherein the Got 
protein is linked to the mammalian G-protein coupled recep 
tor. In one embodiment, binding of a ligand to the mamma 
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lian G-protein coupled receptor results in alteration of 
cellular levels or activity of an effector molecule (e.g., 
adenylate cyclase) or a second messenger (e.g., cAMP) or 
combinations thereof. In a preferred embodiment, the pro 
moter is functional in yeast. In one embodiment, the Got 
protein is a yeast Got protein. In a preferred embodiment, the 
yeast Got protein is Gpa2. 

The invention also relates to a transformed yeast cell 
comprising a DNA construct comprising a promoter oper 
ably linked to a ?rst nucleic acid sequence Which is operably 
linked to a second nucleic acid sequence, Wherein the ?rst 
nucleic acid sequence encodes a G-protein coupled receptor, 
and Wherein the second nucleic acid sequence encodes a 
yeast Gpa2 protein, such that expression of the ?rst and 
second nucleic acid sequences produces a fusion protein 
Wherein the yeast Gpa2 protein is linked to the G-protein 
coupled receptor. In a particular embodiment, the G-protein 
coupled receptor is STE2. In one embodiment, the trans 
formed yeast cell is a diploid cell. 

In one embodiment of the invention, the promoter is a 
constitutive promoter. In another embodiment, the endog 
enous yeast gene encoding Gpa2 has a loss of function 
mutation. In particular embodiments, the mammalian 
G-protein coupled receptor is selected from the group con 
sisting of somatostatin and MC4. In one embodiment the Got 
protein is linked to the cytoplasmic domain of the mamma 
lian G-protein coupled receptor. In another embodiment, 
there is a loss of function mutation in the endogenous yeast 
genes encoding STE4, STE18 or both STE4 and STE18. 

In another embodiment of the invention, the transformed 
yeast cell further comprises a nucleic acid construct com 
prising a Gpa2-responsive promoter operably linked to a 
third nucleic acid sequence encoding a reporter gene. In a 
particular embodiment, the Gpa2-responsive promoter (e.g., 
a cAMP-responsive promoter) is a promoter of a gene 
selected from the group consisting of YMR323W, YBLlOOc, 
YDR187c, YEL045c, YBLO96c, YNL028W, YFR056c, 
PHO4, YCL046W, YCLX09W, YPL281c, YJL045W, 
YGL046W, GLKl, YML058c-a, YJR114W, IDH2, 
YML035c-a, HSP12, HSP26, YNL134c and YML128c. In 
one embodiment, the reporter gene is selected from the 
group consisting of enZymes such as [3-galactosidase, 
[3-glucoronidase, [3-glucosidase, acid phosphatase, inver 
tase; luminescent molecules such as green ?uorescent pro 
tein and ?re?y luciferase; and auxotrophic markers such as 
HIS3, URA3 and LYS2. 

The invention further relates to a nucleic acid construct 
comprising a promoter operably linked to a ?rst heterolo 
gous nucleic acid sequence Which is operably linked to a 
second nucleic acid sequence, Wherein said ?rst heterolo 
gous nucleic acid sequence encodes a mammalian G-protein 
coupled receptor, and Wherein the second nucleic acid 
sequence encodes a Got protein Which is not a cognate 
protein of said mammalian G-protein coupled receptor, such 
that expression of the ?rst and second nucleic acid 
sequences produces a fusion protein Wherein the Got protein 
is linked to the mammalian G-protein coupled receptor. In a 
preferred embodiment, the promoter is functional in yeast. 
In one embodiment, the Got protein is a yeast Got protein. In 
a preferred embodiment, the yeast Got protein is Gpa2. In 
one embodiment of the invention, the promoter is a consti 
tutive promoter. 

The invention further provides a method of identifying 
agents Which alter G-protein coupled receptor function, 
comprising providing a transformed yeast cell of the present 
invention, contacting the yeast cell With an agent to be 
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tested; and detecting the level of an effector or a second 
messenger associated With G-protein coupled receptor func 
tion. In a preferred embodiment, the Got protein is a yeast 
Got protein, and in a particularly preferred embodiment the 
yeast Got protein is Gpa2. In a particular embodiment the 
effector is adenylate cyclase, guanylate cyclase, phospholi 
pase C-[3, or any combination thereof. In a particular 
embodiment, the second messenger is cAMP, cGMP, 
diacylglycerol, inositol triphosphate, calcium or any com 
bination thereof. In one embodiment, the agent to be tested 
is present along With a ligand of the G-protein coupled 
receptor, and thus, the step of contacting the yeast cell With 
the agent to be tested is carried out in the presence of the 
ligand. In one embodiment, the agent is an agonist; in 
another embodiment, the agent is an antagonist. In a pre 
ferred embodiment, the transformed yeast cell further com 
prises a nucleic acid construct comprising a Gpa2 
responsive promoter operably linked to a third nucleic acid 
sequence encoding a reporter gene, and the step of detecting 
is carried out by monitoring the expression of said reporter 
gene. 

The invention also relates to a method of identifying 
genes Which are responsive to G-protein coupled receptor 
activation of a yeast Got protein and resultant effector or 
second messenger activation, comprising providing a trans 
formed yeast cell of the invention, contacting the cell With 
a ligand of the G-protein coupled receptor, and detecting 
alteration of gene expression relative to the same yeast cell 
Which has not been contacted With the ligand. In another 
embodiment, the changes in gene expression elicited by the 
addition of ligand to a cell containing a G-protein coupled 
receptor can also be compared to the transcriptional changes 
elicited by the expression of a constitutively active allele of 
the ot-subunit of a G-protein relative to a cell containing the 
Wildtype or loss of function ot-subunit of a G-protein. In a 
particular embodiment, the Got protein is Gpa2. 

The inventions Which are described herein provide alter 
native and improved mechanisms for screening for ligands 
for G-protein coupled receptors, as Well as agonists and 
antagonists of ligand receptor interactions. In contrast to 
previous Work, the present invention does not require addi 
tional genetic mutations in the transformed yeast cell, for 
example in the FARl, FUS3 or FUSl genes, in order to 
detect the response of the cell to the receptor-dependent 
activation of G-protein coupled receptors. Nor does it 
require mutations in genes encoding doWnstream elements 
of G-protein signal transduction pathWays to increase the 
sensitivity of detection, for example a mutation in the SST2 
gene to augment pheromone responsive pathWays. 
Moreover, the invention thereby offers greater opportunities 
for high throughput screening of potential mediators of 
mammalian G-protein activation than previously available. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 schematically illustrates a model of ligand binding 
to a G-protein coupled cell surface receptor and G-protein 
activation. The ?gure is from page 739 of Alberts, B. et al., 
“Molecular Biology of the Cell”, third edition, Garland 
Publishing, Inc., NeW York, NY. (1994). 

FIG. 2 is a list of transformed yeast cell strains by number, 
genotype and background. 

FIG. 3 depicts the expression data from transcriptional 
pro?ling experiments in Which STE2 Was expressed as a 
fusion protein With a GPA2/GPA1 chimeric protein using the 
constitutively active PGK promoter (PGK-STE2+GPA2/ 
GPAl) and as a fusion protein With GPA2 using the consti 
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tutively active PGK promoter (PGK-STE2-GPA2). Actin 
(ACT1) expression Was also determined. 

FIGS. 4A and 4B depict the expression data from tran 
scriptional pro?ling experiments using transformed yeast 
cells (clones). The following ratios of transformed yeast 
cells Were used to compare transcriptional pro?les: 

(A) PGK-STE2-GPA2+ot factor/PGK-STE2-GPA2 
(B) GPA2 Q300>L+ot factor/GPA2 Q300>L 
(C) GPA2 Q300>L +ot factor/PGK-STE2-GPA2 
(D) PGK-STE2-GPA2/GPA1+ot factor/PGK-STE2-GPA2 
(E) PGK-STE2-GPA2+ot factor/PGK-STE2+ot factor 
(F) GPA2 Q300>L/PGK-STE2-GPA2 
(G) GPA2 Q300>L+ot factor/PGK-STE2+ot factor 
(H) GPA2 Q300>L+ot factor/PGK-STE2-GPA2+a factor 
(I) PGK-STE2+ot factor/PGK-STE2-GPA2 
FIG. 5 depicts the expression data from transcriptional 

pro?ling experiments using transformed yeast cells (clones) 
that have been deleted for the GPA2 gene and contain either 

plasmid GPA2 Q300>L (activated) or vector pRS415 The ratio of transcriptional pro?les from clones expressing 

GPA2 Q300>L (activated) to clones containing vector 
pRS415 (A) Were calculated for experiments performed in 
both rich (synthetic complete) (Experiments 1, 2, 3 and 4) or 
loW nitrogen (SLAD) (Experiment 1) media. 

FIG. 6 depicts an analysis of upstream regulatory 
sequence from genes Which Were identi?ed by transcrip 
tional pro?ling to be repressed by the activation of Gpa2 
signaling. Upstream regulatory sequence of 750 base pairs 
in length Was search for the core sequence of a yeast STRE 

(5‘-CCCCT-3‘ or complimentary 5‘-AGGGG-3‘). 
DETAILED DESCRIPTION OF THE 

INVENTION 

As set forth above, the present invention relates to the 
discovery that mammalian G-protein coupled cell surface 
receptors can be functionally linked (e.g., in a fusion 
protein) to the ot-subunit of a non-cognate G-protein in yeast 
cells. As used herein “functionally linked” is intended to 
include linkage of a G-protein coupled receptor to a Got 
subunit of a G-protein, such as by a fusion protein, by use 
of a chimeric protein Which alloWs interaction and signal 
transduction, or by linking the G-protein coupled receptor 
and Got subunit to other molecules Which are knoWn to 
interact. Functional linkage results in association of the 
G-protein coupled receptor and Got and mediates an intra 
cellular response. The G-protein coupled receptor is acti 
vated by ligand binding and induces activation of the Got 
subunit, e.g., from a G-protein such as Gpa2, resulting in 
phenotypic (such as pseudohyphal groWth) and molecular 
(such as transcription of Gpa2-responsive genes) changes in 
the cells. In one embodiment, the G-protein coupled receptor 
is physically coupled to the G-protein ot-subunit in a fusion 
protein. The invention also encompasses the use of trans 
formed yeast cells of the invention in cellular screens for 
identifying ligands of the G-protein coupled receptors or 
agents Which mimic, enhance or inhibit native ligand 
receptor binding or function. Another aspect of the invention 
also encompasses a method of identifying genes Which are 
responsive to G-protein coupled receptor activation of Gpa2 
and effector molecules or second messengers produced by 
Gpa2 activation. The invention also pertains to nucleic acid 
constructs encoding the fusion proteins and to the fusion 
proteins produced by expression of such nucleic acid con 
structs. Another embodiment of the invention includes the 
use of ot-subunits of G-proteins Which are linked to 
G-protein coupled receptors Without the generation of a 
fusion protein. 
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The term “mammalian”, as de?ned herein, refers to any 

vertebrate animal, including monotremes, marsupials and 
placental, that suckle their young and either give birth to 
living young (eutharian or placental mammals) or are egg 
laying (metatharian or nonplacental mammals). Examples of 
mammalian species include primates (e.g., humans, 
monkeys, chimpanZees, baboons), rodents (e.g., rats, mice, 
guinea pigs, hamsters) and ruminants (e.g., coWs, horses). 
The term “transformed yeast cell” as used herein is a yeast 

cell Which has been transformed With vectors constructed 
using recombinant DNA technologies and Which expresses 
the protein encoded by the nucleic acid constructs contained 
in the vector. The yeast cell can be preferably Saccharomy 
ces cerevisiae, and additionally or alternatively, for example, 
Kluveromyces lactis (US. Pat. No. 4,806,472) or Pichia 
pastoris (US. Pat. No. 4,855,231). “Transformed” refers to 
the acquisition of neW or altered genetic features by incor 
poration of additional nucleic acids, e.g., DNA. “Expres 
sion” of the genetic information of a transformed yeast cell 
is a term of art Which refers to the directed transcription of 
DNA to generate RNA Which is translated into a polypep 
tide. 

Nucleic acid constructs are de?ned herein as heteropoly 
mers of nucleic acid molecules. Nucleic acid molecules are 
meant to refer to chains of nucleotides joined together by 
phosphodiester bonds to form nucleic acid sequences. As 
used herein the term “nucleic acid” is an equivalent of the 
term “nucleotide” and the term “molecule” is an equivalent 
of the term “sequence”; therefore, for example, a nucleotide 
sequence is equivalent to a nucleic acid molecule. The 
nucleic acid molecules can be double stranded or single 
stranded and can be deoxyribonucleotide (DNA) molecules, 
such as cDNA or genomic DNA, or ribonucleotide (RNA) 
molecules. As such, the nucleic acid molecule can include 
one or more coding sequences. The term “coding sequence”, 
as used herein, is a segment or region of a gene Which is 
represented in the mature mRNA transcription product and 
is translated into protein. By Way of illustration, the yeast 
vectors used in the invention can contain an origin of 
replication from the yeast tWo micron plasmid or an autono 
mously replicating sequence In one example, the 
nucleic acid molecule contains a single open reading frame 
Which encodes the mammalian G-protein coupled receptor 
or the ot-subunit of a G-protein. Alternatively, a nucleic acid 
construct can contain a nucleic acid sequence comprising 
tWo coding sequences Which are linked. Such a multi-coding 
sequence construct can comprise a coding sequence for a 
G-protein coupled receptor operably linked to a coding 
sequence for the ot-subunit of a G-protein, a transcriptional 
termination sequence, and optionally a yeast promoter oper 
ably linked to a reporter gene useful for monitoring expres 
sion of the fusion protein. Examples of Widely-used reporter 
molecules include enZymes such as [3-galactosidase, 
[3-glucoronidase, [3-glucosidase, acid phosphatase and inver 
tase; luminescent molecules such as green ?uorescent pro 
tein and ?re?y luciferase; and auxotrophic markers such as 
HIS3, URA3 and LYS2 (see, for example, Chapter 9 in 
Ausubel, F. M., et al. “Current Protocols in Molecular 
Biology”, John Wiley & Sons, Inc., (1998)). The generation 
of nucleic acid constructs and detection of reporter genes are 
standard molecular biological procedures and Well knoWn in 
the art, and thus alternative combinations or modi?cations of 
the reporter elements according to the present invention 
Would be apparent to the person of skill in the art. 

Thus, the nucleic acid molecules of the invention can 
include sequences Which encode mammalian G-protein 
coupled receptors and G-protein subunits, as Well as one or 
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more of the following optional sequences, in a functional 
relationship: regulatory sequences, an origin of replication, 
splice donor sites, splice acceptor sites, introns, transcription 
termination sequences, 5‘ and 3‘ untranslated regions, poly 
adenylation sequences, negative and/or positive selective 
markers, and replication sequences. 

The nucleic acid molecules preferably comprise regula 
tory sequences. Regulatory sequences are art-recognized 
and include cis-acting elements that control transcription 
and regulation, such as promoter sequences, enhancers, 
ribosomal binding sites, and transcription binding sites. 
Selection of the promoter Will generally depend upon the 
nucleic acid construct and desired expression properties. In 
a preferred embodiment, promoter sequences are selected 
Which are functional in yeast. Examples of suitable promot 
ers for use in yeast vectors include 3-phosphoglycerate 
kinase (HitZeman et al., J. Biol. Chem. 255:2073 (1980), 
metallothionein, enolase, glyceraldehyde-3-phosphate 
dehydrogenase, hexokinase, pyruvate decarboxylase, 
phosohofructokinase, glucose-6-phosphate isomerase, 
3-phosphoglycerate mutase, pyruvate kinase, triosephos 
phate isomerase, phosphoglucose isomerase and glucoki 
nase promoters (Hess, et al., J. Adv. Enzyme Reg. 7:149 
(1968); Holland, et al., Biochemistry 1714900 (1978)) and 
are described in detail in art-recogniZed technical laboratory 
texts including Ausubel, F. M. et al., “Current Protocols in 
Molecular Biology”, John Wiley & Sons, Inc. (1998). 

The nucleotides Which comprise the nucleic acid mol 
ecule can be isolated from nature, modi?ed from native 
sequences or manufactured de novo, as described, for 
example, in Ausubel, F. M., et al., “Current Protocols in 
Molecular Biology”, John Wiley & Sons (1998) and 
Sambrook, et al., “Molecular Cloning: A Laboratory 
Manual ”, Second Edition (1989). The nucleotides can then 
be isolated and fused together by methods knoWn in the art, 
such as by exploiting and manufacturing compatible cloning 
or restriction sites. 

The nucleic acid molecules of the invention described 
herein comprise nucleic acids having sequences identical to 
sequences of naturally occurring genes, including polymor 
phic or allelic variants, and portions (fragments) thereof, or 
variants of the naturally occurring genes. Such variants 
include mutants differing by the addition, deletion or sub 
stitution of one or more residues, modi?ed nucleic acids in 
Which one or more residues are modi?ed (e. g., DNA or RNA 
analogs), and mutants comprising one or more modi?ed 
residues. 

The coding regions of the nucleic acid molecule code for 
a mammalian G-protein coupled receptor and a Got subunit 
and, optionally, a reporter gene. Where the G-protein 
coupled receptor and Got subunit are the Wild-type cellular 
surface receptor and G-protein, respectively, or a binding 
fragment thereof, the nucleic acid molecule coding regions 
can correspond to the Wild-type sequences Which encode the 
receptor. Alternatively, because some amino acids are 
encoded by a plurality of different codons, the nucleotide 
coding sequence can be altered to produce a codon encoding 
the same amino acid as the native codon (e.g., a silent 
mutation). This can be advantageous Where a codon is 
preferred by a selected yeast cell. 
Where the G-protein subunit or cell surface receptor is a 

mutant or variant of a native sequence, generally, the nucleic 
acid sequence Will be mutated correspondingly. The muta 
tions to the nucleic acid sequence can be conserved or 
nonconserved. The phrase “conserved substitution” is 
intended to mean a nucleic acid sequence mutation Which 
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encodes an amino acid Which possesses similar side chains 
and properties (e.g., hydrophilic, hydrophobic, aromatic) as 
the amino acid encoded by the non-mutated nucleic acid 
sequence. It is preferred, e.g., for ease of manufacture of the 
nucleic acid sequence, to maintain as much of the native 
sequence as possible. As used herein, percent identity is 
determined using a Basic Local Alignment Search Tool 
(BLAST) (Altschul, S. E, et al., Proc. Natl. Acad. Sci. USA. 
85:2444—2448 (1988)) comparison protocol. In one 
embodiment, the BLAST parameters are set such that they 
yield a sequence having at least about 75% sequence identity 
With the corresponding native nucleotide sequence, 
preferably, at least about 80% sequence. In a more preferred 
embodiment, the percent sequence identity is at least about 
85%, and still more preferably, at least about 95%. 
The nucleic acid molecules can be inserted into a con 

struct Which can, optionally, replicate and/or integrate into 
the yeast cell, by knoWn methods. A number of yeast cell 
cultures and expression vectors for transforming yeast cells 
are knoWn (see, for example, US. Pat. Nos. 4,745,057; 
4,797,359; 4,615,974; 4,880,734; 4,711,844; and 4,865, 
989). 
The nucleic acid molecule can be incorporated or inserted 

into the yeast cell by knoWn methods. For example, a 
suitable method of transforming cells is electroporation. 
Methods for preparing such recombinant yeast cells are 
described in more detail in Sambrook et al., “Molecular 
Cloning: A Laboratory Manual”, second edition, Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor (1989) 
and Sherman, E, et al., “Methods in Yeast Genetics”, Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 
(1986), for example. Suitable yeast transformation protocols 
are knoWn to those of skill in the art. An exemplary 
technique as described by Hinnen et al., Proc. Natl. Acad. 
Sci. USA 75 :1929 (1978), selects for Trp+ transformants in 
a selective medium consisting of 0.67% yeast nitrogen base, 
0.5% casamino acids, 2% glucose, 10 ug/ml adenine and 20 
ug/ml uracil. 

In yet another embodiment, the invention includes meth 
ods for preparing the transformed yeast cells of the invention 
Which includes maintaining the cells under conditions suit 
able for expression of the G-protein coupled receptor and 
G-protein subunits as Well as binding of the ligand or test 
agent to the cell surface receptor. 
The yeast cell is maintained under suitable conditions for 

expression of the G-protein coupled receptor and Got sub 
unit. Generally, the cells are maintained in a suitable buffer 
and/or groWth medium or nutrient source for groWth of the 
cells and expression of the gene product(s). The groWth 
media are not critical to the invention, are generally knoWn 
in the art, and include sources of carbon, nitrogen, sulfur and 
glucose. Examples include a modi?ed SLAD and SLARG 
media (LorenZ, M. C., et al., EMBO J 1617008 (1997). The 
pH Which can be selected is generally one tolerated by or 
optimal for groWth for the yeast cell. 
The invention also provides expression vectors containing 

nucleic acid sequences. Suitable vectors for use in yeast are 
Well knoWn in the art and are generally commercially 
available, or readily prepared by the skilled artisan. For 
example, a suitable plasmid for use in yeast is YRp7 
(Stinchcombs, et al., Nature 282139 (1979); Kingsman, et 
al., Gene 7:141 (1979); Tschemper, et al., Gene 10:157 
(1980)). Additional vectors useful to practice the invention 
include, for example, plasmids Which replicate and function 
independent of the yeast cells, bacteriophages, and integrat 
able DNA fragments Which can integrate into the yeast 
genome. 
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In a preferred embodiment, the G-protein coupled recep 
tor is a mammalian transmembrane cell surface receptor 
comprising intracellular, transmembrane (characterized by 
highly hydrophobic regions in the sequence) and extracel 
lular domains. Examples of preferred receptors are 
somatostatin, MC4, 0[3adrenergic, ot-adrenergic, luteiniZing 
hormone, follicle stimulatory hormone, parathyroid 
hormone, oxytocin, vasopressin, insulin, glucagon, thyroid 
stimulating hormone, prolactin, calcitonin, dopamine, 
chemokine, angiotensin, serotonin, acetylcholine and 
glutamate. The term G-protein coupled receptor as used 
herein includes, but is not limited to, any subtypes of the 
speci?c receptors named herein, and mutants, deletions, and 
homologs thereof, as Well as the nucleic acid sequences 
encoding the same. 

The term “Got protein” refers to the ot-subunit of a 
heterotrimeric, intracellular, membrane associated G-protein 
Which When inactive binds GDP and When active binds GTP. 
Activation of the heterotrimeric G-protein leads to the 
exchange of bound GDP on the Got subunit for bound GTP 
and dissociation of the activated Got subunit from the 
dimeric [3y-subunit. 

In a preferred embodiment the transformed yeast cell 
expresses the nucleic acid sequences encoding the G-protein 
coupled receptor and Got protein subunit as a fusion protein. 
Preferably, the transformed yeast cells constitutively express 
an exogenous (heterologous) nucleic acid construct encod 
ing a mammalian G-protein coupled receptor or fragment 
thereof and a G-protein ot-subunit, most preferably Gpa2 or 
a functionally equivalent protein. The term “heterologous” 
is intended to include nucleic acid sequences from organ 
isms other than yeast (e.g., mammalian). The transformed 
yeast cell may or may not express the endogenous gene 
encoding Gpa2 and any mutation or homolog of the same; 
for example, the endogenous gene encoding Gpa2 can have 
a loss of function mutation. Additionally, the transformed 
yeast cells may or may not express the endogenous genes 
encoding the G-protein [3- and y-subunits, Ste4 and Stel8, 
respectively, and mutations or homologs of the same such as 
a loss of function mutation. In particular embodiments, the 
transformed yeast cell can have a deletion of the endogenous 
G-protein coupled receptor Which is the cognate receptor for 
the Got subunit present in the expressed fusion protein. 

In heterotrimeric G-protein mediated signaling the a and 
[3y-subunits can contribute to signaling. STE4 and STE18 
encode the [3- and y-subunits, respectively, Which mediate 
G-protein coupled receptor signaling in the Gpa1-dependent 
yeast mating response pathWay. Neither Ste4 or Ste18 are 
required for pseudohyphal groWth (Liu, H., et al., Science 
262:1741—1744 (1993)). Gpa2 does regulate pseudohyphal 
groWth (Kiibler, E., et al., J. Biol. Chem. 272:20321—20323 
(1997); LorenZ, M. C., et al., EMBO J. 16:7008—7018 
(1997)). In addition, strains that have been deleted for other 
putative [3- or y-subunits have been constructed, and these 
strains do not display defects in pseudohyphal groWth 
(Lorenz, M. C., et al., EMBO J. 16:7008—7018 (1997)). 
Together these ?ndings suggest that Gpa2 signaling is a 
Ste4- and Ste18-independent process, and that other [3- and 
y-subunits remain to be identi?ed (or that Gpa2 signalling 
does not require [3- or y-subunits). In order to determine the 
role(s) of Ste4 and Ste18 in the Gpa2-dependent response 
(e.g., cAMP response), the coding sequence for STE4 and 
STE18 can be deleted in haploid gpa2 strains. 

The phrase “loss of function mutation” is intended to 
include any mutation Which results in less than maximal 
function compared to the Wildtype gene product including 
any reduction in or total absence of function. The term 
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“mutation”, as used herein, refers to any modi?cation in the 
nucleic acid sequence of, e.g., the ot-subunit of a G-protein. 
For example, the mutation can be a point mutation or the 
addition, deletion and/or substitution of one or more nucle 
otides. Modi?cations can be, for example, conserved or 
non-conserved, natural or unnatural. In one embodiment, the 
GTPase domain of the Got protein (e.g., Gpa2) has a 
mutation resulting in a constitutively activated Got subunit. 
Constitutive mutations cause genes Which are normally 
regulated to be expressed Without regulation, in some cases 
continuously. Amino acids of the native or Wildtype 
sequence appropriate for substitution, deletion or conserva 
tion can be identi?ed, for example, by sequence alignment 
betWeen related Got subunit proteins. 

In a particular embodiment the nucleic acid constructs or 
expression vectors of the invention comprise a ?rst nucleic 
acid sequence encoding a G-protein coupled receptor (e.g., 
somatostatin receptor) operably linked to a second nucleic 
acid sequence encoding a Got subunit Which is not a cognate 
protein of the mammalian G-protein coupled receptor (e.g., 
Gpa2). The term “cognate” as used herein refers to a 
G-protein Which is normally functionally linked (coupled) to 
the G-protein coupled receptor in the signal transduction 
pathWay such that the G-protein is activated and mediates a 
cellular response. Thus, non-cognate G-protein coupled 
receptors and G-protein pairs are those Which either cannot 
associate With one another or Which can associate but cannot 
mediate an intracellular response. 

The tWo linked nucleic acid sequences Which encode the 
fusion protein comprising the G-protein coupled receptor 
and the G-protein are doWnstream of a promoter, and 
preferably the nucleic acid sequence encoding the Got sub 
unit is doWnstream of the nucleic acid sequence encoding 
the G-protein coupled receptor. “Downstream” is a term of 
art used to refer to the direction of transcription. A nucleic 
acid sequence (e.g., a nucleic acid sequence encoding a Got 
protein) being transcribed after another nucleic acid 
sequence (e.g., a nucleic acid sequence encoding a G-protein 
coupled receptor) is referred to as “downstream” of the later. 

Nucleic acid constructs encoding mammalian G-protein 
coupled receptors and yeast Got subunits are operably linked 
such that a fusion protein is expressed. “Operably linked” is 
intended to mean that the nucleotide sequence(s) is linked to 
a regulatory sequence in a manner Which alloWs expression 
of the nucleic acid sequence(s). 

Thus, mammalian G-protein coupled receptors and Got 
subunits, preferably Gpa2, encoded by the nucleic acid 
sequences of the invention are expressed as a chimeric or 
fusion protein. Gpa2 can be linked to the G-protein coupled 
receptor in the cytoplasmic domain of the receptor by 
methods described herein. It is generally preferred that the 
amino-terminus of the Got subunit is linked to the carboxy 
terminus of the intracellular domain of the receptor to 
produce a fusion protein. Experimental conditions suitable 
for the construction of appropriate nucleic acid constructs 
and expression of the G-protein coupled receptor and Gpa2 
fusion protein are Well knoWn in the art. Generally com 
mercially available kits can be used and appropriately modi 
?ed by one of ordinary skill. Exemplary methods to suc 
cessfully produce fusion proteins are also described in detail 
in several art-recogniZed laboratory protocol textbooks, for 
example, Sambrook et al., “Molecular Cloning: A Labora 
tory Manual ”, second edition, Cold Spring Harbor Press, 
Cold Spring Harbor (1989) and Ausubel et al., “Current 
Protocols In Molecular Biology”, John Wiley & Sons, 
(1998). In a preferred embodiment, the fusion protein is 
expressed and the G-protein coupled receptor portion inte 
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grated into the yeast plasma membrane in a manner com 
patible With a conformation suitable for ligand binding and 
transduction of the ligand-receptor binding signal. 

The G-protein coupled receptor and G-protein can be 
directly bound together or indirectly bound together through 
a linking moiety. A linking moiety can be employed to link 
the G-protein coupled receptor and G-protein. The linker can 
preferably be a ?exible linker and suf?cient in length to 
separate the G-protein coupled receptor and G-protein in 
space, thereby not restricting the ability of the receptor and 
G-protein to maintain proper conformation, and not inter 
fering With receptor-ligand binding or G-protein activation. 
The linker can be a peptide Which can link the carboxy 
terminus of G-protein coupled receptor to the amino 
terminus of the G-protein. Preferred peptide linkers can be 
obtained from immunoglobulin hinge regions, such as a 
proline rich region. Appropriate linkers are characterized by 
loW steric hindrance, thereby permitting maximal indepen 
dent folding and cell membrane association of the G-protein 
coupled receptor and G-protein, such as With a polyglycine 
linker. The length of the linker is not particularly critical. 
Typically, the length of the linker can be betWeen approxi 
mately tWo or approximately tWenty amino acids. The 
selection of the particular linking group is not critical to the 
invention and Within the technical expertise of one of 
ordinary skill in the art. 
Many nucleic acid molecules coding for suitable mam 

malian G-protein coupled receptors, e.g., somatostatin and 
MC4, and G-protein ot-subunits, e.g., GPA2, are knoWn in 
the art and can be obtained from, for example, the EMBL/ 
GenBank data bases. Such nucleic acid sequences can 
comprise both exons and introns in some instances. 
Alternatively, other sequences can be employed, such as 
homologs of related genes Which are structurally or func 
tionally equivalent to GPA2. 

The phrase “functionally equivalent” as used herein refers 
to any nucleic acid sequence and its corresponding protein 
Which mimics the biological activity of Gpa2 (e.g., pheno 
typic changes in yeast cells or alterations in transcriptional 
pro?les of Gpa2-responsive genes attributed to activation of 
Wildtype Gpa2) or Which exhibit nucleotide or amino acid 
sequence identity to Gpa2. In one embodiment, the nucleic 
acid molecule shares at least about 40% sequence identity 
With the corresponding native sequence, preferably, at least 
about 60% sequence. In a more preferred embodiment, the 
percent sequence identity is at least about 80%, and still 
more preferably, at least about 95%. For example, pheno 
typic changes attributed to Gpa2 include pseudohyphal 
development in Saccharomyces cerevisiae through a cAMP 
dependent mechanism folloWing activation of adenylate 
cyclase (Nakafuku, M., et al., Proc. Natl. Acad. Sci. USA. 
8511374—1378 (1988); Kiibler, 

E., et al.,J. Biol. Chem. 272120321 (1997); Lorenz, M. C., 
et al., EMBO J. 1617008—7018 (1997)). Increased cAMP 
production stimulates ?lamentous groWth of diploid strains 
on loW-nitrogen medium, augments the ability of haploid 
strains to invade a solid agar medium and increases glyco 
gen accumulation in cells (Kiibler, E., et al., J. Biol. Chem 
272120321 (1997)), Lorenz, M. D., et al., EMBO J. 1617008 
(1997). As such, activation of a GPA2 functionally equiva 
lent gene Would result in elevated cAMP in the transformed 
yeast cells leading to pseudohyphal groWth When plated on 
loW ammonium medium plates, invasion of solid agar and 
increased cellular stores of glycogen. Methods to score 
?lamentous groWth, monitor agar plate invasion and mea 
sure glycogen are routine procedures and knoWn to the 
skilled artisan (See, for example, Gimeno, C. et al., Cell 
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6811077 (1992); Lorenz, M. C., et al., EMBO J. 1617008 
(1997); Kiibler, E., et al.,J. Biol. Chem. 272120321 (1977)). 
Also encompassed by the invention are naturally occurring 
GPA2 homologues, particularly those isolated from fungi. 
At the molecular level, functionally equivalent GPA2 

genes can be determined by comparisons of transcriptional 
pro?les attributed to Gpa2 activation or based on sequence 
identity to GPA2. Sequence identity can be determined using 
database search strategies Well knoWn in the art including, 
for example, Basic Local Alignment Search Tool (BLAST) 
(Altschul, S. F., et al.,J. Mol. Biol. 2151403—410 (1990)) and 
FASTA (Pearson, W. R., et al., Proc. Natl. Acad. Sci. USA. 
8512444—2448 (1988)) algorithms. As described in detail in 
the Exempli?cation, transcriptional pro?ling can be used to 
determine the expression of speci?c subsets of yeast genes 
Which are altered by activation of GPA2 linked to a 
G-protein coupled cell surface receptor upon ligand binding 
and receptor activation. 
The term “alteration” in regard to activity or “altered 

activity” is de?ned herein as activity different from that of 
the Wildtype. For example, in Wildtype yeast, Gpa2 induces 
pseudohyphal groWth, elevated cAMP levels and decreased 
glycogen deposition (Nakafuku, M., et al., Proc. Natl. Acad. 
Sci. U.SA., 8511374—1378 (1988); Kiibler, E., et al.,J. Biol. 
Chem. 272120321—20323 (1997); Lorenz, M. C., et al., 
EMBO J. 1617008—7018 (1997)). Functionally equivalent 
GPA2 genes can encode polypeptides Which also induce, for 
example, pseudohyphal groWth, adenylate cyclase activation 
and cAMP levels, and decrease glycogen deposition. Acti 
vation by a ligand can result in alterations in Gpa2 activity, 
or the activity of a polypeptide encoded by a functionally 
equivalent gene, Which lead to decreased biological activity 
relative to Wildtype Gpa2 to, for example, decrease pseudo 
hyphal groWth, adenylate cyclase activation and cAMP 
levels, and increase glycogen deposition. Alterations in 
Gpa2 activity can also result from the activity of agonists 
and antagonists. 

Structurally or functionally equivalent genes can be 
homologous to GPA2. Such homologous nucleic acids, 
including DNA or RNA, can be detected and/or isolated by 
speci?c hybridization (e.g., under high stringency 
conditions). “Stringency conditions” for hybridization is a 
term of art Which refers to the conditions of temperature and 
buffer concentration Which permit hybridization of a par 
ticular nucleic acid to a second nucleic acid; the ?rst nucleic 
acid may be perfectly complementary to the second, or the 
?rst and second may share some degree of complementarity 
Which is less than perfect. For example, certain high strin 
gency conditions can be used Which distinguish perfectly 
complementary nucleic acids from those of less comple 
mentarity. “High stringency conditions” and “moderate 
stringency conditions” for nucleic acid hybridizations are 
explained on pages 2.10.1—2.10.16 and pages 6.3.1—6 in 
Current Protocols in Molecular Biology (Ausubel, F. M. et 
al., “Current Protocols in Molecular Biology”, John Wiley 
& Sons, (1998)) the teachings of Which are hereby incor 
porated by reference. The exact conditions Which determine 
the stringency of hybridization depend not only on ionic 
strength, temperature and the concentration of destabilizing 
agents such as formamide, but also on factors such as the 
length of the nucleic acid sequence, base composition, 
percent mismatch betWeen hybridizing sequences and the 
frequency of occurrence of subsets of that sequence Within 
other non-identical sequences. Thus, high or moderate strin 
gency conditions can be determined empirically. 
By varying hybridization conditions from a level of 

stringency at Which no hybridization occurs to a level at 
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Which hybridization is ?rst observed, conditions Which Will 
allow a given sequence to hybridize (e.g., selectively) With 
the most similar sequences in the sample can be determined. 

Exemplary conditions are described in Krause, M. H. and 
S. A. Aaronson, Methods in Enzymology, 200:546—556 
(1991). Also, in, Ausubel, et al., “Current Protocols in 
Molecular Biology”, John Wiley & Sons, (1998), Which 
describes hoW to determine Washing conditions for moderate 
or loW stringency conditions. Washing is the step in Which 
conditions are usually set so as to determine a minimum 

level of complementarity of the hybrids. Generally, starting 
from the loWest temperature at Which only homologous 
hybridiZation occurs, each ° C. by Which the ?nal Wash 
temperature is reduced (holding SSC concentration 
constant) alloWs an increase by 1% in the maximum extent 
of mismatching among the sequences that hybridiZe. 
Generally, doubling the concentration of SSC results in an 
increase in Tm of ~17° C. Using these guidelines, the 
Washing temperature can be determined empirically for 
high, moderate or loW stringency, depending on the level of 
mismatch sought. 

Also encompassed by the present invention are the use of 
the transformed yeast cells for identifying agents Which alter 
G-protein coupled receptor function. In a preferred 
embodiment, the receptors are mammalian receptors. The 
agents can be agonists or antagonists of the native (Wildtype) 
ligand for the G-protein coupled receptor. Such agents can 
be polypeptides (including post-translationally modi?ed 
proteins) or small molecules (including sugars, steroids, 
lipids, anions or cations). 

The term “antagonist”, as used herein, refers to an agent 
Which blocks, diminishes, inhibits, hinders, limits, 
decreases, reduces, restricts or interferes With native ligand 
binding to its G-protein coupled receptor, or alternatively 
and additionally, prevents or impedes the cellular effects 
associated With ligand-G-protein coupled receptor binding 
thereby preventing activation of the Got subunit. By Way of 
example, an antagonist of Gpa2 activation Will decrease 
adenylate cyclase activity and cAMP levels in the cell 
leading to phenotypic (e.g., decreased pseudohyphal 
groWth) and molecular (e.g., decreased transcription of 
Gpa2-responsive genes) changes. 

The term “agonist”, as used herein, refers to an agent 
Which augments, enhances, increases, intensi?es or strength 
ens native ligand binding to the G-protein coupled receptor, 
or alternatively and additionally, mimics or simulates the 
effect of the native ligand-G-protein coupled receptor bind 
ing on the target cell thereby activating the Got subunit. In 
the case of Gpa2, an agent possessing agonist activity Will 
increase adenylate cyclase activity and cAMP levels leading 
to increased pseudohypal groWth and activation of Gpa2 
responsive genes. 

The transformed yeast cells expressing the mammalian 
cell surface G-protein coupled receptor and the yeast Got 
subunit, preferably Gpa2, fusion protein are obtained by 
transforming the yeast cell With nucleic acid constructs of 
this invention under appropriate regulatory control to result 
in the expression of cell-surface receptors linked to Got 
subunits. The test agent (e.g., an agonist or antagonist) is 
added to the transformed yeast cells under conditions suit 
able for maintaining expression of the G-protein coupled 
receptor in a conformation appropriate for association of the 
test agent or ligand and receptor. For example, conditions for 
evaluating agents, such as media and temperature 
requirements, can, initially, be similar to those necessary for 
binding of the native ligand to the G-protein coupled recep 
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tor. One of ordinary skill in the art Would knoW hoW to vary 
experimental conditions depending upon the biochemical 
nature of the test agent. The test agent can be added to the 
transformed yeast cell in the presence or absence of native 
ligand for the G-protein coupled receptor. The concentration 
at Which the test agent can be evaluated can be similar, more, 
or less than concentrations employed by the native ligand to 
bind receptor. 

Thus, the invention relates to a method for identifying 
agents Which alter G-protein coupled receptor activation 
comprising providing the test agent to the transformed yeast 
cell, under conditions suitable for binding, Wherein the 
transformed yeast cell comprises a mammalian G-protein 
coupled receptor operably linked to a Got subunit (e.g., 
Gpa2) in a fusion protein. Dissociation of the Got subunit, 
preferably Gpa2, from the dimeric [3y-subunit can be 
detected by phenotypic alterations in the transformed yeast 
cell, for example, pseudohyphal groWth, glycogen deposi 
tion and penetration in agar; and additionally or 
alternatively, changes in the transcriptional pro?les of Gpa2 
dependent genes. Dissociation of the Got subunit can also be 
ascertained chromatographically to determine the proportion 
of ot-, [3- and y-subunits or enZymatically by assaying for 
GTPase activity using established protocols described, for 
example, by King et al., U.S. Pat. No. 5,482,835 (1996) and 
Pausch et al., US. Pat. No. 5,691,188 (1997). 

G-protein activation of cAMP dependent signal transduc 
tion can also be indicated by the use of reporter genes. In 
another embodiment of the invention, a nucleic acid con 
struct comprising a Gpa2-responsive promoter operably 
linked to a nucleic acid construct encoding a reporter gene 
can be used to detect Got protein activation. Gpa2 
responsive promoters can be identi?ed by transcription 
pro?ling as described in the Exempli?cation. Preferably the 
Gpa2-responsive promoter (e.g., a cAMP responsive 
promoter) is a promoter of a gene selected from the group 
consisting of YMR323W, YBL100c, YDR187c, YEL045c, 
YBLO96c, YNL028W, YFR056c, PHO4, YCL046W, 
YCLX09W, YPL281c, YJL045W, YGL046W, GLK1, 
YML058c-a, YJR114W, IDH2, YML035c-a, HSP12, 
HSP26, YNL134c and YML128c. FolloWing G-protein 
coupled receptor activation of the Got subunit, for example 
by ligand binding, the activity of Gpa2-responsive promot 
ers or cAMP production or a combination of both can be 

detected. For example, reporter gene expression can be 
induced or repressed under appropriate conditions, or trans 
formed yeast cells Which have elevated intracellular levels 
of cAMP as a result of G-protein activation, can be identi 
?ed. Experimental induction, repression, and detection of 
reporter genes are Well knoWn in the art. 
A further embodiment includes the use of a third heter 

ologous nucleic acid sequence comprising a promoter com 
prising at least one STRE sequence operably linked to a 
reporter gene. Gpa2 represses the transcription of genes 
Which contain STREs (FIGS. 4, 5, and 6). The core sequence 
for an STRE is 5‘-CCCCT-3‘ (Ruis, H., et al., BioEssays 
17:959—965 (1995); Siderius, M., et al., “Yeast Stress 
Responses” pages 213—230, Hohmann, S., et al., (eds.), 
Landes, Austin, Tex. (1997)). In this case, folloWing acti 
vation of the Got subunit, the repression of transcription 
from genes containing STRE(s) can be detected using 
reporter gene strategies as described herein. It is envisioned 
that the STRE sequences can be derived from nature or 
synthetically produced using recombinant DNA technolo 
gies based on knoWn STRE sequences. 
The addition of ligand to transformed yeast cells express 

ing G-protein coupled receptor-Gpa2 fusion protein can 
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elicit a transcriptional response that is similar to the response 
stimulated by activation of Gpa2 in Wild type cells. To 
determine Whether this system is functioning at maximal 
potential, plasmids designed to express fusion proteins that 
link Ste2 to both constitutively active and constitutively 
inactive forms of Gpa2 can be constructed and expression 
can be regulated by the PGK promoter. These fusion pro 
teins can provide maximal and minimal induction of Gpa2 
signaling, respectively. 

Transcriptional pro?ling of transformed yeast cells 
expressing a Ste2-Gpa2 fusion protein has identi?ed several 
genes Whose expression is repressed in a ligand-dependent 
manner. Upstream regulatory sequences from these genes 
can be fused to reporter proteins (e.g., enZymes, auxotrophic 
markers), and these reporter constructs may be used to 
screen for activation of Gpa2 signaling. Approximately 1500 
base pairs of promoter sequence from several genes regu 
lated by Gpa2 have been ampli?ed. The ampli?ed product 
includes the translation initiation sequences and the ?rst ?ve 
base pairs of coding sequence for each predicted protein. 
These fragments have been cloned in-frame to coding 
sequence for the bacterial enZyme [3-galactosidase. 
Promoter-lacZ fusions can be constructed in a loW-copy and 
multi-copy vectors using YMR323W, YBL100c, YDR187c, 
YEL045c, YBLO96c, YNL028W, YFR056c, PHO4, 
YCL046W, YCLX09W, YPL281c, YJL045W, YGL046W, 
GLK1, YML058c-a, YJR114W, IDH2, YML035c-a, HSP12, 
HSP26, YNL134c and YML128c. These putative reporter 
constructs can be transformed into yeast strains in order to 
assay for Gpa2-dependent regulation of [3-galactosidase 
activity. 

Also Within the scope of the invention is the use of 
heterologous nucleic acid constructs comprising Gpa2 
responsive promoters operably linked to reporter genes. As 
discussed in detail in the Exempli?cation, transcriptional 
pro?ling has identi?ed several genes that are repressed by 
Gpa2 activation. The promoter regions of these genes have 
been sequenced and can be used to monitor activation of 
G-protein coupled receptor/Gpa2 signal transduction acti 
vation pathWays. In a preferred embodiment the Gpa2 
responsive promoter is YMR323W or YBL100c or 
YDR187c or YEL045c or YBLO96c or YNL028W or 

YFR056c or PHO4 or YCL046W or YCLX09W or YPL281c 

or YJL045W or YGL046W or GLK1 or YML058c-a or 

YJR114W or IDH2 or YML035c-a or HSP12 or HSP26 or 

YNL134c or YML128c or any combination thereof. 

Signals transduced through heterologous G-protein 
coupled receptors and Gpa2 can also be detected by the use 
of heterologous effectors (e.g., adenylate cyclase). “Effec 
tor” as used herein refers a molecule(s) (e.g., polypeptide 
such as adenylate cyclase, lipid, anion or cation) that is 
responsible for the generation of a second messenger (e.g., 
cAMP, cGMP, calcium, diacylglycerol). For example, 
ligand-dependent activation of a G-protein coupled receptor 
linked to Gpa2 can be determined by activation of a nucleic 
acid construct encoding adenylate cyclase, guanylate 
cyclase, or phospholipase C-B, or any combination thereof, 
operably linked to a reporter gene. 

Another aspect of the invention relates to the identi?ca 
tion of genes Which are responsive to G-protein coupled 
receptor activation of a G0. subunit, preferably Gpa2, 
Wherein the resultant effector is adenylate cyclase, guanylate 
cyclase, or phospholipase C-[3, or any combination thereof; 
and the resultant second messenger is cAMP, cGMP, 
diacylglycerol, inositol triphosphate, or calcium or any 
combination. A ligand of the receptor can be contacted With 
the transformed yeast cells expressing the mammalian 
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G-protein coupled receptor/Gpa2 fusion protein of the 
invention. Differences in the expression of ligand 
responsive genes can be detected by determining and com 
paring the difference in gene expression in the presence and 
absence of ligand. Conditions appropriate for ligand 
receptor binding can be determined based on the nature of 
the receptor and ligand. Detection methods employed for 
de?ning differences in expression that are Gpa2- and cAMP 
dependent include comparisons of transcriptional pro?les of 
strains groWn in the presence and absence of ligand, as Well 
as phenotypic changes. 
The invention shoWs that expression of heterologous 

G-protein coupled receptor-Gpa2 fusion proteins can acti 
vate Gpa2-dependent (e.g., cAMP-dependent) responses in 
yeast in a ligand-dependent manner. Transcriptional pro?l 
ing can demonstrate that expression of similar subsets of 
yeast genes is either induced or repressed both by a consti 
tutively active form of Gpa2 as Well as by the addition of 
ligand to a transformed yeast cell expressing a G-protein 
coupled receptor-Gpa2 fusion protein. In addition, at least a 
subset of these genes Whose expression is repressed by 
activation of GPA2 is knoWn to be repressed by the yeast 
cAMP response. Expression of heat shock protein 12 
(HSP12) is reduced in the presence of high levels of cAMP 
(Varela, J. C., et al., Mol. Cell. Biol. 15:6232—6245 (1995)). 
HSP 12 and HSP26 contain promoter stress response ele 
ments (STREs) (Varela, J. C., et al., Mol. Cell. Biol. 
15:6232—6245 (1995); Gounalaki, N., et al., EMBO. J. 
13:4036—4041 (1994)). High levels of cAMP are expected to 
decrease the expression levels of genes containing STREs 
(Gorner, W., et al., Genes & Dev. 12:586—597 (1998); 
Varela, J. C., et al., Mol. Cell. Biol. 15:6232—6245 (1995); 
Marchler, G., et al., EMBO J 12:1997—2003 (1993)). An 
analysis of upstream regulatory sequences of the entire set of 
genes identi?ed by transcriptional pro?ling as genes Whose 
expression is repressed by Gpa2 activation has revealed 
promoters of several of these genes contain putative STREs 
(FIG. 6). Promoters from genes containing the STREs, as 
Well as the remaining genes Whose expression is repressed 
by GPA2 activation, can be used to drive the expression of 
reporter genes that can serve as a means to assay for 

induction of the yeast cAMP response by ligand dependent 
activation of a G-protein coupled receptor coupled to Gpa2. 
Furthermore, the general strategy of comparing transcrip 
tional pro?les from transformed yeast cells expressing con 
stitutively active alleles of G-protein ot-subunits to pro?les 
of ligand activated G-protein coupled receptor-Got subunit 
fusion proteins can be of general use for establishing Gpa2 
independent systems for studying heterologous G-protein 
coupled receptors in yeast. Thus, a constitutively active 
G-protein ot-subunit (yeast or heterologous) expressed in a 
transformed yeast cell can elicit a cellular response that can 
be monitored using transcriptional pro?ling. Therefore, it is 
possible to design strategies to use transformed yeast cells to 
study coupling of heterologous G-protein coupled receptors 
to heterologous G-protein ot-subunits (e.g., through fusion 
proteins. 

The folloWing Examples are offered for the purpose of 
illustrating the present invention and are not to be construed 
to limit the scope of this invention. The teachings of all 
references cited herein are hereby incorporated herein by 
reference. 

Exempli?cation 
Strains and Media 

Standard yeast media and microbiological techniques 
Were used (Sambrook, J. E. E, et al., “Molecular Cloning: 
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A Laboratory Manual ”, second edition, Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor (1989); Sherman, E, 
et al., “Methods in Yeast Genetics”, Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, NY. (1986)). SLAD 
media Was prepared as previously described (Gimeno, C. J ., 
et al., Cell 68:1077—1090 (1992)). 

Yeast strains used in this study are listed in FIG. 2. All 
strains are derived from either the Z1278b or YPH501 
genetic backgrounds. The hisG::URA3::kan,::hisG disrup 
tion cassette from plasmid pSE1076 Was used to create 
GPA2 and RAS2 null alleles (pSE1076 from S. Elledge, 
Baylor College of Medicine, Houston, Tex.). The disruption 
cassette is contained Within a 5 kB BglII-BamHI restriction 
fragment isolated from pSE1076. PCR Was performed on 
yeast genomic DNA to amplify approximately 500 base 
pairs of sequence upstream and doWnstream of the GPA2 
and RAS2 coding sequence. 

Oligonucleotides used to construct the GPA2 deletion 
construct Were: 

(SEQ ID NO: 1) 
5 '—ACGCGTCGACGATAGGAACAATACGACAAGGG-3 ' ; 

(SEQ ID NO: 2) 
5 '—CGCGGATCCCAGAGACCCATGATATTTGCTTG-3 ' ; 

(SEQ ID NO: 3); 
5 '—CGCGGATCCGTGTTACAATGAATGCACAGCTA-3 ' ; 

and 

(SEQ ID NO: 4) 
5 'CCTAGGCGAGCTCTCCGCATTCAAAAGCTCCTG-3 ' . 

Oligonucleotides used to construct the RAS2 deletion 
construct Were: 

(SEQ ID NO: 5) 
5 '—ACGCGTCGACACGGGCGTGGCCGTATCAATG-3 ' ; 

(SEQ ID NO: 6) 
5 '—CGCGGATCCTCTGTATATCTCCTTTCAAT—3 ' ; 

(SEQ ID NO: 7) 
5 '—CGCGGATCCGGCTGTTGTATTATAAGTTAA-3 ' ; 

and 

(SEQ ID NO: 8) 
5 '—CCTAGGCGAGCTCGATTATCGTCCTCACCGGCAT-3 ' . 

Restriction sites Were introduced into the oligonucleotide 
primers in order to yield ampli?cation products <SalI 
upstream sequence-BamHI> and <BamHI-doWnstream 
sequence-SacI>. A four part ligation into SalI/SacI digested 
Bluescript SK+(Stratagene, La Jolla, Calif.) Was performed 
to create GPA2 and RAS2 deletion constructs. Deletion 
constructs Were digested With SalI and SacI, deletion frag 
ments Were puri?ed, and DNA Was transformed into yeast. 
Proper integrants Were con?rmed by PCR analysis using 
primers internal to the hisG::URA3::kanr::hisG disruption 
cassette and primers With homology to genomic sequence 
further upstream or doWnstream to that ampli?ed for the 
deletion construct. 

Strain MMB1190 Was sequentially groWn and diluted into 
fresh rich medium in order to achieve sufficient mitotic 
groWth such that mitotic recombination events could be 
detected betWeen the hisG repeats, resulting in the loss of the 
URA3 sequence from the genomic GPA2 locus (producing 
MMB1191). 
Plasmid Construction 

Microbiological techniques Were performed using Well 
established protocols (Sambrook, J. E. E, et al., “Molecular 
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Cloning: A Laboratory Manual”, 2nd edition, Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor (1989)). Plas 
mids (except deletion constructs) Were sequenced to elimi 
nate the possibility of mutations being introduced during 
PCR or cloning. 
The loW-copy plasmid pRS415 (Sikorski, R., et al., 

Genetics 122:19—27 (1989)) Was used to create a series of 
constructs that contained a coding sequence for either GPA2, 
an activated allele of GPA2 (GPA2Q300>L), or GPA2/ 
GPA1, Which encodes a chimeric protein. A 419 base pairs 
of GPA2 upstream regulatory sequence Was used to drive 
expression in all of these constructs. 
pRS415-GPA2 Was created in a multi-step cloning pro 

cedure into pRS415. Oligonucleotides 
5‘-AAAACTGCAGCGGGTAACCCGTGGTACCC 
GGGGC-3‘ (SEQ ID NO: 9)and 5‘ 
CTAGTCTAGAATTGTCGAAGCAGTGGATCCATTTT 
3‘ (SEQ ID NO: 10) Were used to amplify a fragment 
containing 419 base pairs of GPA2 promoter and the ?rst 
938 base pairs of GPA2 coding sequence. The 938 base pair 
fragment of the GPA2 coding sequence contains an A to C 
substitution at base 924 of coding sequence Which creates a 
BamHI site that does affect the predicted Gpa2 protein 
sequence. The fragment containing the GPA2 promoter and 
930 base pairs of coding sequence Was digested With SmaI 
and XbaI, and cloned into pRS415. 
The primers 5‘-CGCGGATCCACTGCTTCGAC 

AATGTCAC-3‘ (SEQ ID NO: 11) and 
5‘-CTAGTCTAGATGTTACCCGGGATAATAACTATA-3‘ 
(SEQ ID NO: 12) Were used to amplify a fragment that 
contains the ?nal 431 base pairs of GPA2 coding sequence 
and 279 base pairs of doWnstream sequence. This PCR 
product Was BamHI/XbaI digested and cloned into the 
truncated GPA2 construct described above. The resulting 
plasmid contains full-length GPA2 With a silent BamHI site 
introduced, and transcription and translation signals are 
provided by GPA2 regulatory sequences. 
LoW-copy pRS415-GPA2/GPA1 Was created by sequen 

tial cloning experiments. pRS415-GPA1 Was constructed by 
amplifying the GPA1 coding sequence together With 201 
base pairs of upstream sequence and 304 base pairs of 
doWnstream sequence. This fragment With the GPA1 coding 
and regulatory sequence Was cloned into the EcoRI site of 
pRS415 to generate pRS415-GPA1. 
Oligonucleotide pairs 

5‘-TCAACTTGACTGTGATGATCCGATC-3‘ (SEQ ID 
NO: 13)/5‘-TCCTTCGAAACAATOGATCCACTTCT-3‘ 
(S E Q I D N O : 1 4) a n d 
5‘-AGAAGTGGATCCATTGTTTCGAAGGA-3‘ (SEQ ID 
NO: 15)/5‘-TCTGCATCGCCGACACGTCC-3‘ (SEQ ID 
NO: 16) then Were used to amplify tWo fragments (705 and 
278 base pairs, respectively) of GPA1 coding sequence that 
overlap by 36 base pairs. The oligonucleotides have intro 
duced a BamHI site into the GPA1 coding sequence Within 
this overlapping region. The overlapping fragments Were 
then incubated together and thermocycling Was performed 
using Pfu polymerase to generate a single 947 base pair 
fragment. Outside primers 
5‘-TCAACTTGACTGTGATGATCCGATC-3‘ (SEQ ID 
NO: 17) and 5‘-TCTGCATCGCCGACACGTCC-3‘ (SEQ 
ID NO: 18) Were then used to amplify the 947 base pair 
product. The resulting product Was SphI digested and cloned 
into the pRS415-GPA1 plasmid described above from Which 
a 850 base pair SphI fragment of GPA1 coding sequence had 
been deleted. 

This cloning strategy created a full-length GPA1 clone 
that contains a BamHI site. The BamHI site resides in the 
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same frame and predicted functional peptide domain in both 
this construct and the GPA2 BamHI construct described 
above. These BamHI mutations can be used to create 
chimeric Gpa2/Gpa1 proteins. 

The pRS415-GPA1 BamHI plasmid Was BamHI/SmaI 
digested, and the fragment containing the coding sequence 
for the carboxy-terminus of Gpa1 Was gel puri?ed. The 
pRS415- truncated GPA2 BamHI plasmid described above 
Was digested With XbaI, made ?ush With the KlenoW 
fragment, and then digested With BamHI. The BamHI/SmaI 
GPA1 fragment Was then ligated to the truncated GPA2 to 
create the chimeric GPA2/GPA1 construct. 

The pRS415-GPA2Q300>L Was created by performing 
site-directed mutagenesis on pRS415-GPA2. Overlapping 
oligonucleotides 
5‘-ACGTGGGTGGACTGCGTTCCGAAAG-3‘ (SEQ ID 
NO: 19) and 5‘-CTTTCGGAACGCAGTCCACCCACGT-3‘ 
(SEQ ID NO: 20) Were used to introduce a substitution at 
codon 300. These oligonucleotides Were annealed to 
pRS415-GPA2 and tWelve rounds of thermocyling Were 
performed using Pfu polymerase. Plasmids Were denatured 
at 94° C. for 30 seconds, oligonucleotides Were annealed at 
50° C. for 1 minute, and extensions proceeded 16 minutes at 
68° C. The DNA Was DpnI digested for 2 hours, puri?ed, 
and transformed into E. coli. Plasmids Were recovered and 
sequenced to con?rm that the speci?c mutation had been 
introduced. 

Plasmid PGK-STE2 Was constructed in the pYPGE2 
plasmid that alloWs transcription to be controlled by the 
strong PGK promoter (Brunelli, J. P., et al., Yeast 
9:1299—1308 (1993)). Oligonucleotides 5‘ 
AGCGGATCCAAAAAAATGTCTGATGCGGCTCCTTC 
3‘ (SEQ ID NO: 21)(contains translation initiation sequence) 
and 5‘-AGCAGTGGCGCCTGAATCTAGTAGTAA 
CCTTATACC-3‘ (SEQ ID NO: 22) Were used to amplify 
STE2 coding sequence from genomic DNA. The ampli?ed 
product Was BamHI/NarI digested and cloned into pYPGE2 
vector that had been BamHI/ClaI digested. Plasmid PGK 
STE2 Was used to generate PGK-STE2-GPA2 and PGK 
STE2-GPA2/GPA1. PGK-STE2 Was BamHI/PstI digested 
and the fragment containing STE2 coding sequence Was gel 
puri?ed. 
Oligonucleotide pairs 

5‘-ACCGCTGCAGATGGTCTCTGCGCATCTTCAGAA 
3‘ (SEQ ID NO: 23)/5‘-CCGCT 
CGAGGTCGACGCTGTGCATTCATTGTAACACTCC-3‘ 
(S E Q ID N O : 2 4) a n d 
5‘-ACCGCTGCAGATGGTCTCTGCGCATCTTCAGAA 
3‘ (SEQ ID NO: 25)/5‘-CCGCTC 
GAGGTCGACCAGTTCCTTCATATAATACCA-3‘ (SEQ 
ID NO: 26) Were used to amplify GPA2 and GPA2/GPA1 
coding sequence, respectively. The resulting PCR products 
Were PstI/SalI digested. Finally, pYPGE2 Was BamHI/SalI 
digested and used in a three part ligation With the STE2 and 
GPA2 (or GPA2/GPA1) fragments described above. 

The GPA2 PstI/SalI fragment described above also Was 
used to create a fusion With the rat somatostatin receptor 
(SSTR2). Primers 5‘-CGTGTCGACA 
GATCTAAAAAATGGAGATGAGCTCTGAG-3‘ (SEQ ID 
NO: 27) and 5‘-TCGCTC 
GAGGTCGACTCAGATACTGGTTTGGAGGT-3‘ (SEQ 
ID NO: 28) Were used to amplify rat SSTR2 from rat 
genomic DNA. The fragment of the rat SSTR2 coding 
sequence Was BglII/SalI digested and cloned into pYPGE2 
BamHI/SalI. 

Primers 5‘-CGTGTCGACAGATCTAAAAATGGAGNF 
GAGCTCTGAG-3‘ 
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( S E Q I D N O : 2 9 ) a n d 
5‘-CTCCGCTGCAGCGATACTGGTTTGGAGGTCTCC 
3‘ (SEQ ID NO: 30) Were then used to amplify a rat SSTR2 
coding sequence from pYPGE2-rSSTR2 With BgIII and PstI 
restriction sites at the end. pYPGE2 Was BamHI/SalI 
digested and used in a three part ligation With the rSSTR2 
BglII/PstI and GPA2 PstI/SalI. 
Glycogen Staining and Psdeudohyphal GroWth Assays 

Glycogen staining Was performed essentially as described 
(Toda, T., et al., Cell 40:27—36 (1985)). Strains Were 
streaked on plates and generally groWn for tWo days. Iodine 
crystals Were placed in a glass dish situated above a beaker 
of heated Water. Plates containing strains Were exposed to 
iodine vapors until strains Were stained. 

Pseudohyphal groWth experiments Were performed as 
described (Gimeno, C. J., et al., Cell 68:1077—1090 (1992)). 
Cells Were either streaked at very loW density or spotted (10 
pl containing approximately 100 cells) on SLAD plates, and 
groWth and cell morphology Were monitored periodically for 
one Week. Various concentrations (1 pg, 10 pg or 100 pg) of 
a factor Were spread over SLAD plates for experiments that 
involved signalling by the Ste2 receptor. 
Preparation of Cultures and RNA for Transcriptional Pro 
?ling 

In experiments involving PGK-STE2 and pRS415-GPA2/ 
GPA1 yeast strains (MMB1205, MMB1209, MMB1207, 
MMB1210) Were groWn overnight, diluted to OD6OO=0.2, 
treated With 3 pig/ml 0t factor, and groWn at 30° C. for 3 and 
6 hours. Cells Were harvested and RNA Was prepared. For 
subsequent experiments using either PGK-STE2-GPA2 
(MMB1211) (Experiments 2, 3 and 4; FIG. 5), PGK-STE2 
GPA2/GPA1 (MMB1212)(Experiment 4; FIG. 5), or PGK 
rSSTR2-GPA2 (MMB1280) (Experiment 2; FIG. 5 (data not 
shoWn))the strains Were groWn overnight, diluted to OD6OO= 
0.15, groWn for 3 hours at 30° C., treated With ligand (9 
pig/ml of 0t factor or 5.4 pM somatostatin S14). After groWth 
for an additional 3 hours at 30° C., the cells Were harvested 
and RNA prepared for transcriptional pro?ling. 

In one series of experiments strains MMB1210 and 
MMB1207 (Experiment 4; FIG. 5) Were used to obtain 
pro?les of strains With an activated Gpa2 signalling path 
Way. These strains Were also treated With 0t factor. 

In another series of experiments yeast strains MMB1274 
and MMB1276 Were used to provide a readout of GPA2 
dependent transcriptional activation (Experiments 2 and 3; 
FIG. 5) (Varela, J. C., et al., Mol. Cell. Biol. 15:6232—6245 
(1995)). These strains Were not treated With either 0t factor 
or somatostatin S14. Yeast strains MMB1194, MMB1203, 
and MMB1204 Were used in transcriptional pro?ling experi 
ments performed to compare the effects of GPA2 activation 
in synthetic complete medium versus SLAD medium. 
(Experiment 1; FIG. 5) Yeast strains Were groWn overnight, 
diluted to OD6OO=0.2, alloWed to groW at 30° C. for 3 hours, 
Washed in deoiniZed Water and diluted to an OD6OO=0.2 or 
OD6OO=0.6 in synthetic complete medium and SLAD 
medium, respectively. The difference in the concentration of 
yeast cell is due to the differential groWth of yeast in 
complete synthetic and SLAD medium. After 3 hours of 
groWth at 30° C., cells Were harvested and RNA prepared for 
analysis by transcriptional pro?ling. 

Total yeast RNA Was prepared by isolation using TRIZol 
reagent (GIBCO BRL, Grand Island, Yeast culture 
medium (10—20 ml) Was harvested by centrifugation, the 
supernatant removed, cells resuspended in TRIZol reagent in 
the presence of Zirconium/silica beads, and the sample 
froZen in dry ice. Samples Were thaWed and homogeniZed in 
a Mini-Beadbeater (Biospec Products, Bartlesville, Okla.). 
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Samples Were centrifuged at high-speed in a microcentrifuge 
and the aqueous phase removed. The aqueous phase then 
Was extracted repeatedly With phenol/chloroform/isoamyl 
alcohol (25:24:1 vol) until there Was no visible protein 
interface. A ?nal chloroform/isoamyl alcohol extraction Was 
performed and then isopropanol Was used to precipitate 
RNA from the aqueous phase. The RNA precipitate Was 
Washed in 70% ethanol, dried brie?y, and resuspended in 
DEPC-treated Water. The RNA concentrations Were calcu 
lated and RNA quality Was assessed by electrophoresis of 
RNA in 1% agarose gels containing ethidium bromide. 
Transcriptional Pro?ling 

First strand cDNA synthesis Was performed using the 
GIBCO BRL SuperScript PreAmpli?cation SystemTM 
(Grand Island, NY). cDNA Was synthesiZed from approxi 
mately 10—15 pg total yeast RNA in the presence of 33P 
dCTP. Labeling reactions Were alloWed to proceed 1 hour at 
42° C. and then cDNA probes Were puri?ed using Chroma 
Spin-30 columns (CLONTECH Laboratories, Palo Alto, 
Calif.) in a clinical centrifuge. Labeling reactions then Were 
stopped by the addition of EDTA (to approximately 0.5 mM 
?nal concentration and cDNA denatured by treatment With 
NaOH (approximately 25 mM ?nal concentration) and incu 
bation at 70° C. for 10 minutes. 

Labeled cDNA probes Were used to hybridiZe to gridded 
arrays of approximately 6000 yeast predicted open reading 
frames (ORFs). PCR products for yeast ORFs Were pur 
chased from Research Genetics and a common primer set 
Was used to amplify these ORFs. PCR products Were grid 
ded in microarrays on Biodyne B nylon membranes (GIBCO 
BRL, Grand Island, Alkaline treatment Was per 
formed to denature PCR products on membranes, and after 
neutraliZation the membranes Were baked at 80° C. for 30 
minutes. Nylon microarrays Were pre-hybridiZed and 
hybridiZed in Church blot solution (7% SDS, 0.5 M NaPO4, 
1 mM EDTA, 0.5% casein Hammerstein (ICN Biomedicals 
Inc., Aurora, Ohio). HybridiZations Were performed over 
night at 68° C. Membranes Were then Washed in Church blot 
Wash solutions, dried and baked at 80° C. until completely 
dry, and then exposed overnight to Fuji BAS-III S phospho 
imager screens. 

HybridiZation data Were obtained using a Fuji?lm BAS 
2500 phosphoimager and Fuji?lm ImageReader softWare. 
Analytical Imaging Station (AIS) softWare (Imaging 
Research Inc., Brock University, St. Catherines, Ontario, 
Canada) Was used to designate quantitative values to each 
spot on the microarray. All experiments Were normaliZed 
such that the median yeast gene Was expressed at a level of 
100 units. These values could be used to calculate ratios that 
Would represent relative expression changes for each pre 
dicted ORF throughout RNAs from various strains and 
ligand treatments. 

The invention shoWs that expression of heterologous 
G-protein coupled receptors and Gpa2 fusion proteins can be 
a general strategy for constructing assays to study G-protein 
coupled receptors. For example, plasmids that encode fusion 
proteins linking the rat somatostatin receptor or the human 
MC4 receptor to Gpa2 have been constructed and trans 
formed into yeast strains. Ligands for the somatostatin 
receptor and MC4 receptor are Well-knoWn and readily 
available. The transformed yeast cells of the invention 
comprising heterologous G-protein coupled receptor-Gpa2 
fusion protein can be used to monitor ligand binding to 
various heterologous G-protein coupled receptors employ 
ing transcriptional (or reporter gene) readouts by the addi 
tion of ligand. The transcriptional readouts should be similar 
to that monitored by addition of 0t factor to a strain express 
ing the Ste2-Gpa2 fusion protein. 
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GPA2 Functions in the Yeast cAMP Response: 
Pseudohyphal/Invasive GroWth, Glycogen Accumulation 
and Colony Morphology in gpa2A Strains 
Haploid gpa2AzzURA3 (MMB1190); gpa2A::hisG 

(MMB1191) strains; and a homoZygous diploid 
gpa2AzzURA3/gpa2AzzURA3 strain (MMB1193) Were con 
structed in the Z1278b genetic background (FIG. 2). A 
phenotypic analysis of these strains Was performed. In 
particular, these strains Were examined for defects in cellular 
functions knoWn to be regulated by cAMP production. 
cAMP production has been shoWn to stimulate the ?lamen 
tous groWth of diploid strains on loW-nitrogen medium and 
the ability of haploid strains to invade a solid agar medium 
(Gimeno, C. J., et al. , Cell 68:1077—1090 (1992); Kiibler, 
E., et al., J. Piol. Chem. 272:20321—20323 (1997); LorenZ, 
M. C., et al., EMBO J. 16:7008—7018 (1997); Mosch, H. U., 
et al., Proc. Natl. Acad. Sci. 93:5352—5356 (1996); Ward, M. 
P., et al., Mol. Cell. Biol. 15:6854—6863 (1995)). Diploid 
gpa2 strains have impaired ability to form pseudohyphae 
after groWth on solid medium containing loW levels of 
nitrogen (Kiibler, E., et al.,J. Biol. Chem. 272:20321—20323 
(1997); LorenZ, M. C., et al., EMBO J. 16:7008—7018 
(1997)). After incubation on loW ammonia SLAD plates for 
several days, gpa2 cells (MMB1194) Were defective in 
pseudohyphal groWth. Consistent With knoWn observations, 
gpa2 strains are Weak in their ability to form ?laments. 

Haploid gpa2 strains Were also found to have several 
phenotypes. The gpa2AzzURA3 and gpa2A::hisG strains 
display a previously unobserved colony morphology phe 
notype. Haploid Z1278b strains develop an elaborate lacy 
colony morphology after several days of groWth on YPAD 
plates. The gpa2 strains fail to develop a lacy morphology, 
and, instead, display a more rounded colony morphology. 

In addition, haploid gpa2 strains display agar invasion 
defects. Haploid GPA2 (MMB1187), gpa2AzzURA3 
(MMB1190) and gpa2A::hisG (MMB1191) strains Were 
plated for single colonies, groWn for 5—7 days on YPAD 
plates, and then the plates Were Washed With deioniZed 
Water. Wild-type, but not gpa2, strains Were able to penetrate 
the solid agar substrate. 

Accumulation of glycogen Was another phenotype that 
Was monitored. Glycogen accumulation has been shoWn to 
be inversely proportional to the accumulation of intracellular 
cAMP. Glycogen levels are readily assayed by exposure to 
iodine vapors (Toda, T., et al., Cell 40:27—36 (1985)). 
Haploid gpa2AzzUPA3 (MMB1190) and gpa2A::hisG 
(MMB1191) strains both display subtle defects in glycogen 
accumulation, as previously noted (Kiibler, E., et al.,J. Biol. 
Chem. 272:20321—20323 (1997)). Thus, both diploid and 
haploid gpa2 strains display phenotypes that have been 
associated With strains that are impaired in the production of 
cAMP. 
Genetic Interactions With cAMP PathWay Component RAS2 

In yeast, Ras2 regulates the activity of adenylate cyclase 
and, thus, overall cAMP levels. Overexpression of GPA2 has 
been shoWn to suppress the groWth defect of ras2’5 strains 
(Nakafuku, M., et al., Proc. Natl. Acad. Sci 85:1374—1378 
(1988)). Haploid ras2AzzURA3 strains (MMB1200) Were 
constructed in a YPH501 genetic background (MMB1197), 
mated to gpa2AzzURA3 strains (MMB1199) (YPH501 
background), and diploids sporulated and dissected. In four 
spore tetrads containing 2 URA+ colonies, both the URA+ 
colonies displayed an extreme groWth defect at 30° C. The 
URA' colonies are expected to be ras2AzzURA3 
gpa2AzzURA3 double mutants. Small colonies formed only 
after 5 days groWth, and these strains are prone to develop 
suppressor mutations. These observations are in agreement 




















